Introduction
The adeno-associated virus type 2 (AAV-2) rep gene codes for nonstructural proteins (i.e. Rep proteins) that are required for AAV DNA replication, integration and gene regulation. Previous studies have shown that both Rep68 and Rep78 have cytotoxic or growth retardation effects on host cells. It has been reported that Rep52 and Rep40 are not cytotoxic to NIH3T3 cell lines. However, the exact mechanistic effects that these multifunctional Rep proteins have on host cells have yet to be determined.
AAV is a small, envelope-free parvovirus containing a single-stranded DNA genome of 4,680 nucleotides (nt). AAV-2 infects humans and normally requires the assistance of a helper virus to efficiently complete its life cycle [1] . In the absence of a helper virus, low levels of AAV replication can also occur in cells exposed to DNA-damaging agents [2, 3] . Under nonpermissive conditions, AAV-2 can establish a latent infection by specific integration of viral DNA into the q arm of chromosome 19 [4] [5] [6] .
The AAV genome consists of two open reading frames (i.e. rep and cap) flanked by inverted terminal repeat sequences of 145 nt each [1] . The inverted terminal repeats serve as origins of replication and as signals for integration and packaging. The cap gene encodes three viral structural proteins (VP-1, VP-2 and VP-3). The rep Li/Kashii/Sahara/Ito gene encodes four overlapping nonstructural proteins by alternative promoter utilization and differential splicing. Rep78 and Rep68, which are expressed from the p5 promoter, are required for AAV DNA replication, integration and gene regulation [7] [8] [9] . They are multifunctional proteins possessing specific DNA-binding, site-and strand-specific endonuclease, helicase and ATPase activities [10] [11] [12] [13] [14] . Rep52 and Rep40, which are expressed from the p19 promoter, lack the 224 N-terminal residues of Rep78 and Rep68. They do not bind DNA, but have been shown to have ATP-dependent helicase activity [15] and are involved in the encapsidation of viral genomes [16] [17] [18] . During the lytic cycle of AAV infection, all four Rep proteins accumulate in the nucleus and cytoplasm, although the amount of each protein varies (Rep78 and Rep52 were found to be more abundant than Rep68 and Rep40 [19, 20] ).
AAV infection has been shown to have antiproliferative effects on cells. Depending on the cell type used, it either inhibits cell growth or interferes with the cell cycle [21] [22] [23] [24] . Moreover, it has been demonstrated that AAV Rep proteins are most likely involved in these effects. Studies with cultured cells revealed that Rep78/68 proteins inhibit cellular DNA synthesis [25] , induce cell growth arrest or cell cycle distortion [26] [27] [28] and induce apoptotic cell death [27, 29, 30] . A study using HL-60 cells demonstrated that the cytotoxic effect of Rep52 was 23% lower than that of Rep78 [27] . Additionally, Rep52 was not found to interfere with the proliferation of 3T3 cells [26] . These previous studies examined four individual rep genes expressed from inducible and noninducible promoters in parallel with marker gene expression. Little is known concerning the cytotoxicity involved with a given expression level of each Rep protein.
In order to further clarify the effects of these multifunctional Rep proteins, we attempted to analyze the effects and interactions of four Rep proteins on HeLa cell growth. In this study, eight cell lines that express either wild-type or mutant Rep proteins were obtained and characterized.
Materials and Methods

Cell Culture
Control HeLa cells propagating the regulator plasmid pTet-off (Clontech) were grown in Dulbecco's modified Eagle's medium (DMEM; Gibco BRL) supplemented with penicillin, streptomycin and 10% fetal bovine serum in the presence of 500 Ìg/ml geneticin (Sigma). Rep-expressing cell lines were grown in DMEM (Gibco) supplemented with antibiotics and 10% Tet System Approved Fetal Bovine Serum (Clontech) in the presence of 500 Ìg/ml geneticin, 200 Ìg/ml hygromycin B and 1 Ìg/ml doxycycline. All cells were maintained as monolayer cultures at 37°C in a humidified 5% CO 2 atmosphere. At the appropriate time points, cells were washed with PBS and trypsinized. Viable cell numbers were determined by trypan blue exclusion with a hemocytometer.
Recombinant Plasmid DNAs and Mutants
Standard procedures were followed for plasmid construction, growth and purification [31] . An AAV Rep protein expression construct based on the Tet-off gene expression system [32, 33] was generated. The rep gene fragment of the AAV genomic sequence between 321 and 2,273 nt was amplified from pAAV/Ad by PCR [34] with BglIII site-incorporating primers using LATag polymerase (TaKaRa). This fragment was purified and inserted into the EcoRV site of pBluescript (SK-) (Stratagene) to generate plasmid pLA (wt) by TA cloning.
Based on pLA, two different plasmids with a point mutation in an ATP-binding site of the rep gene fragment were created using a QuickChange Site-Directed Mutagenesis Kit (Stratagene). pLAK340H was generated by the mutagenic primers 5)-CAAC-TACCGGGCATACCAACAT-3) and 5)-ATGTTGGTATGCCCG-GTAGTTG-3), and pLAT338E was generated by 5)-GCCTGCAA-CTGAAGGGAAGACC-3) and 5)-GGTCTTCCCTTCAGTTGC-AGGC-3) (mutated nucleotides are underlined). Each fragment excised from pLA, pLAK340H and pLAT338E at the BglIII sites was inserted after the Tet-regulated promoter of the pTRE (Clontech) at the BamHI site to generate the new plasmids pTRE-wt, pTRE-340 and pTRE-338, respectively. The point mutation in pTRE-338 results in T to E amino acid substitution. The mutation of pTRE-340 results in K to H amino acid substitution, which has been reported with a loss in replicase and helicase activities [35, 36] .
The rep gene sequence of pTRE-wt, pTRE-340 and pTRE-338 was verified by restriction enzyme digestion. pTRE-338 was checked by losing an NciI site, while pTRE-340 was checked by losing a BbsI site.
pTK-Hyg (Clontech), which is a selection vector, contains a hygromycin-resistant gene under control of the HSV TK promoter.
Production of Rep Protein-Expressing Cell Lines
DNA transfections were performed using the calcium phosphate method [31] . Briefly, on the day before transfection, 5 ! 10 5 HeLa cells propagating regulator plasmid were seeded into 10-cm-diameter dishes with 8 ml of medium containing geneticin (Sigma). Ten micrograms each of pTRE-wt, pTRE-340 and pTRE-338 were cotransfected with 0.5 Ìg of pTK-Hyg (Clontech), and doxycycline was added at a concentration of 1 Ìg/ml. Twenty-four hours later, cells were trypsinized and replated onto 10-cm-diameter dishes to allow for the outgrowth of single-cell clones. Selections were also made on this day in the presence of 200 Ìg/ml hygromycin B. Cultures were grown in selective medium for 2-4 weeks. Medium containing G418 and hygromycin was replaced every 4 days. Doxycycline was added to the culture medium every 2 days. Surviving colonies were isolated, amplified and assayed for Rep protein expression.
MTT Assay
A rapid colorimetric assay was used to measure the growth of cell lines. Cell viability was assessed by measuring mitochondrial dehydrogenase activity. 3-4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma) reduction by active cells was mea-sured spectrophotometrically as previously described [37] . Briefly, an MTT stock solution (5 mg/ml) was prepared in PBS (pH 7.5). The solution was syringe-filtered (0.2 Ìm) to sterilize it and to remove any insoluble residue. Before use, the stock solution was diluted 10-fold in serum-and phenol red-free DMEM (Gibco). 4 ! 10 3 cells were seeded into each well of a 24-well plate with 250 Ìl of medium containing G418 and hygromycin. At the appropriate time points, the medium was replaced with 250 Ìl of MTT-containing DMEM followed by an additional 4-hour incubation of the plates at 37° in a humidified 5% CO 2 atmosphere. The medium was then removed by aspiration and 200 Ìl of stop solution (0.04 N HCl in isopropanol) was added to each well. The plates were shaken vigorously at room temperature for 1 h to dissolve the formazan crystals, and the absorbance (A595) of the stop solution was determined.
Isolation of RNA and Slot Blot Analysis
Total RNA was isolated from each cell line using the RNeasy Mini kit (Qiagen) following a 3-or 6-day culture. Equal amounts of RNA (20 or 1 Ìg) were denatured and loaded onto GeneScreen plus Nylon membranes (NEN Life Science Products) using a slot blot apparatus (Schleicher & Schuell manifold) according to the Schleicher & Schuell laboratory manual. After baking for 1 h at 80°, membranes were prehybridized for 1-2 h at 68° and then were hybridized with probe overnight at 68° in hybridization buffer. The rep probe was a 1.9-kb rep gene fragment (321-2,273 nt) labeled with digoxigenin-dUTP using the DIG DNA labeling kit (Boehringer Mannheim). The control was a digoxigenin-labeled Actin RNA probe (Roche). Membranes were washed twice under constant agitation in 2 ! SSC, 0.1% SDS at room temperature for 10 min, and then 2 or 3 times in 0.1 SSC, 0.1% SDS at 68° for 20 min. Detection was performed with the DIG luminescent detection kit. Hybridized probes were submitted to immunological detection using anti-digoxigenin antibody con-
Emitted luminescent light was recorded on X-ray film (Hyperfilm, Amersham Pharmacia Biotech) after exposure for several minutes. The signals on the film were quantified using ImageQuaNT software (Molecular Dynamics).
Protein Extraction and Western Analysis
Total cell proteins were obtained from each clone harvested from 10-cm-diameter dishes. Cells were washed twice with PBS and were then lysed in 0.7-0.75 ml of 1 ! SDS sample buffer [1/4 of 4 ! Tris-HCl-SDS, pH 6.8 (0.5 M Tris-HCl containing 0.4% SDS), 10% glycerol, 2% SDS, 1% betamercaptoethanol and 0.5 mg/100 ml of bromphenol blue]. After boiling for 10 min, cellular DNA was sheared by repeated passage through a 20-gauge needle. The resulting lysates were centrifuged and transferred to fresh tubes. Total protein was measured according to the Bradford method as previously described [31] . Samples containing equal amounts of protein were electrophoresed in a 10% polyacrylamide gel containing 0.1% SDS, and then were transferred to filter membranes (Immobilon, Millipore) by electroblotting. The filters were blocked overnight at 4° in 5% milk powder dissolved in TBST [20 mM Tris-HCl (pH 7-7.5), 150 mM NaCl and 0.1% Tween-20] with vigorous shaking. Mouse monoclonal primary antibodies (Progen, anti-AAV replicase, 303.9) were used for Rep protein detection. Antibodies diluted 1:15 in TBST were incubated with the filter for 2 h at room temperature or overnight at 4° with continuous shaking. Filters were washed three times for 15 min each in TBST, and were then incubated with the secondary antibody (goat polyclonal anti-mouse immunoglobin, Dako; 1:5,000 dilution) for 1 h at room temperature. Filters were again washed three times for 15 min each in TBST, and Rep proteins were detected by enhanced chemiluminescence (Amersham) and exposure to X-ray film (Hyperfilm, Amersham Pharmacia Biotech). Specific signals were quantified using ImageQuaNT software (Molecular Dynamics).
Flow Cytometry Analysis 4 ! 10 4 cells of each cell line were seeded into 6-cm-diameter dishes with 3 ml of medium containing G418 and hygromycin. After 6 days in culture, cells were trypsinized and washed twice with PBS. Cells were then dissolved in 1 ml of PI (propidium iodide) solution (50 Ìg/ml PI, 0.1% sodium citrate, 0.2% NP-40, 0.25 mg/ml RNase) followed by a 30-min incubation at 4° in the dark and a 30-min incubation at 37°. Determination of cell cycle was performed using flow cytometry (Beckman Coulter). Data were analyzed using ModFit software (Verity Software House).
Results
AAV Rep-Expressing HeLa Cell Lines
The cytotoxicity of AAV Rep proteins has been demonstrated in certain cell lines, and it has been revealed that they produce differing effects on host cells. To more carefully examine the correlation between Rep protein expression and their respective cytotoxic activities, we generated Rep-expressing HeLa cell clones using the pTRE plasmid containing CMV promoter. A pTRE-wt plasmid, which contains wild-type rep gene, was transfected into a HeLa cell line propagating the regulator plasmid. Mutant Rep-expressing HeLa cell clones were also generated by using pTRE-338 and pTRE-340, which contain point mutations in their ATP-binding site regions.
One hundred and forty-nine clones of HeLa cells resistant to G418 and hygromycin B were screened using genomic PCR with primer pairs. We obtained 29 clones in which a 1.0-kb rep fragment amplified by genomic PCR was detected. After culture for 6 days, rep mRNA from each cell line was analyzed by slot blot hybridization (data not shown). In most of these clones, the regulator switch was not inactivated, which resulted in the constitutive expression of the rep gene. We analyzed the character of these clones expressing Rep constitutively. The HeLa cell line that did not contain the rep gene was used as a negative control.
Six out of the seventeen clones that exhibited expression of rep mRNA were used in all of the following analyses in this study. Four of the clones contained a wild-type rep gene (w-9, w-13, w-14 and w-15) and two of the clones contained a mutant rep gene with a point mutation in the ATP binding site (m338-9 and m340-13). Under the same culture conditions, the w-13 clone grew slowly in early passages, but then grew more quickly in later passages. From the w-13 line, clones were obtained at both early (e.g. w-13) and late (e.g. w-23 and w-33) passages. All of these clones, with the exception of w-13, were subjected to Western blot analysis.
Rep52-and Rep40-Expressing Clones
Total proteins were obtained from each clone harvested from 10-cm-diameter dishes. Western blot analysis was performed on 200 Ìg of total protein from each clone using a mouse monoclonal anti-Rep antibody (ProGene, Germany) that detected each of the four Rep proteins. Each of these four proteins was present in the m338-9 and m340-13 clones, although the expression level of m340-13 was very low (data not shown). However, the wild-type clones, including w-9, w-14, w-15 and w-23, expressed only Rep52 and Rep40, with no detectable expression of Rep68 and Rep78. Since clone w-13 grew more quickly than the other clones during several of the passages, we examined the clones derived from w-13 (w-23 taken at passage 4 and w-33 taken at passage 13). Clone w-33 predominantly expressed Rep40, with little of the other Rep proteins detectable ( fig. 1) .
Expression of Rep52 and Rep40 Affects Cell Proliferation and Growth Rate
Each clone was cultured in a 6-cm dish for 6 days prior to determining viable cell counts by trypan blue exclusion. Examination of the proliferation curve showed that six of the Rep-expressing clones (w-9, w-13, w-14, w-15, m338-9 and m340-13) grew more slowly than the control HeLa cells (the non-Rep-expressing HeLa cell line) ( fig. 2A ). An MTT assay was performed to determine the growth rate of each clone. The growth rates of w-9, w-13, w-14, w-15, m338-9 and m340-13 were also revealed to be lower than that of the control HeLa cells (fig. 2B ). These results correspond to the proliferation curve shown in figure 2A. Unlike Rep68 and Rep78, which exhibit strong cytotoxic effects on cells, Rep52 and Rep40 retard HeLa cell growth.
As shown in figure 2A , there were also several wildtype rep gene-expressing clones that exhibited differential proliferation rates. We classified these clones into two groups based upon their growth rates. Group two, consisting of w-13 and w-15, grew more slowly than the clones in group one, which consisted of w-9, w-14, m338-9 and m340-13 ( fig. 2A) . Consistent with these results, the MTT assay growth rates of the group one clones were higher than those of group two ( fig. 2B ), although the growth rates of both groups were moderately inhibited compared to controls.
The proliferation curve showed that clone w-33, which was derived from w-13 in later passages, grew as quickly as the control HeLa cells (fig. 3A) . The MTT assay also indicated that the growth rate of clone w-33 was higher than that of clones w-13 and w-23 ( fig. 3B ).
Retardation of w-15 Growth Rate Is due to Accumulation of Cells in G2/M Phase
To further characterize slow growing clones, we performed cell cycle assays using flow cytometry to determine the phase in which growth-retarded cells accumulate. After culture for 6 days, the nuclei from lysed cells were stained with propidium iodide and were analyzed by flow cytometry. The population of cells in each cell cycle was calculated using ModFit software (Verity Software House). In table 1, the results of these comparisons are shown. The number of w-15 clone cells accumulating in the G2/M phase was significantly higher than the control HeLa cells and w-33 cells. The number of cells arrested in the G2/M phase tended to increase in the moderately retarded clones, such as w-9, w-14 and m338-9. Although the population of cells in the S phase was lower for the w-15 clone, the number of cells in the G1 phase was similar for each clone.
The doubling time was also calculated for these clones from viable cell numbers in the log phase of growth (table 1). For w-15, the doubling time was 33.54 B 6.88 h, which was 1.5 times longer than that of the control HeLa cells; this difference was statistically significant. There- Fig. 2 . Cell growth of Rep-expressing clones. Cells of each cell line were seeded into 6-cm-diameter dishes (A) or 24-well plates (B) with medium containing G418 and hygromycin. A At the appropriate time points, viable cell numbers were determined by trypan blue exclusion with a hemocytometer. B MTT assay with the results expressed as optical densities (OD) at 595 nm. The results of two independent experiments were averaged, with the range shown by the bars. + = Control Hela; $ = w-13; P = w-15; ) = w-9; [ = w-14; o = m338-9; X = m340-13. Fig. 3 . Cell growth of clones w-13, w-23 and w-33. The growing speed of clones w-23 and w-33, which were derived from w-13, became fast in the late passages. Cells of each cell line were prepared and examined as described in figure  2 . A Viable cell numbers. B MTT assay. OD = Optical density.
fore, we conclude that the slow growth rate of the w-15 clone is due to accumulation of cells in the G2/M phase. This is likely a result of Rep52 and Rep40 expression, which affects the cell cycle and consequently retards HeLa cell growth. During these experiments, no clones died with constitutive Rep expression.
Growth Characteristics of w-13 Changed during Passages: The Ratio of Rep52 to Rep40 May Correlate with Intensity of Growth Inhibition
To evaluate the influence of relative Rep52 and Rep40 expression on cell proliferation, we quantitatively determined the levels of Rep52 and Rep40 in the clones using ImageQuant software (fig. 4) . As shown, no obvious corre- Li/Kashii/Sahara/Ito lation is apparent between the growth rate and the expression level of Rep52 and Rep40 in these cell lines. The higher proliferation rate of w-33 ( fig. 3B) can be explained by the lack of Rep52 expression, which, in contrast, was found in all other clones including w-23, w-9 and w-14. The ratio of Rep52 to Rep40 expression was also examined for each of these clones. As indicated by the data below figure 4, the ratio of Rep40 to Rep52 was 13.9 in Fig. 4 . Quantification of Rep52 and Rep40 in each cell line. Wholecell extracts of each cell line were prepared from 10-cm-diameter dishes, then equal amounts of protein were subjected to Western blot analysis using a mouse monoclonal antibody to AAV replicase. Each detected band was quantified using ImageQuaNT software. Volume is the intensity of the pixel value in each rectangle excluding the background. The results of two independent experiments were averaged, with the range shown by the bars. The ratio of the amounts of Rep40 to Rep52 was calculated and is shown below the graph. † Clones derived from w-13.
w-33, 0.7 in w-9, w-14 and w-23, and 0.5 in w-15. As can be seen, slow growing clones possessed the lowest ratios. Although these findings were not statistically significant, they indicate that Rep40, which is relatively abundant compared to Rep52 in cells rescued from growth inhibition, protects cells from the greater cytotoxic activity of Rep52. Therefore, although the expression of both Rep52 and Rep40 inhibited cell growth, the ratio of Rep40 to Rep52 regulated the intensity of inhibition. The higher expression level of Rep40 compared to Rep52 rescues cells from growth inhibition by an unknown mechanism.
Discussion
Rep78 and Rep68, which are expressed by the p5 promoter, are essential for the lytic and latent cycles of viral life. They interact with host DNA in multiple ways, and their DNA-binding, single strand-specific endonuclease, helicase and ATPase activities have been well characterized in vitro. However, the role of Rep proteins in cell growth is still unclear. Because of the difficulty in analyzing their cytotoxic effects on live cells, only a limited number of clones have been examined successfully. Previously, several studies reported the cytotoxic effects of Rep78 and Rep68 on several cell lines, using an inducible or noninducible system with a heterologous plasmid promoter. The antiproliferative effect of Rep78 was demonstrated in human 293 cells with the inducible promoter of the mouse metallothionein I gene under the control of CdSO 4 and ZnCl 2 or in HeLa cells with the glucocorticoidresponsive mouse mammary tumor virus long terminal repeat promoter [28, 38] . Cells of each cell line were seeded into 6-cm-diameter dishes with medium containing G418 and hygromycin. After 6 days of culture, cell cycle analysis was done by flow cytometry. Data were analyzed using the ModFit software. The data indicate means B standard deviations for three of four experiments.
* p ! 0.05 versus results for w-15 (ANOVA analysis). ** p = 0.008.
In the studies, cells expressing either Rep68 or Rep78 grew more slowly or died under inductive conditions with a consequential disruption of the cell cycle at a certain phase. In this study, no clones expressing either Rep68 or Rep78 were obtained. Rep68 and Rep78 were expressed only in clones propagating mutant rep genes. Several clones expressed Rep40 and Rep52. This may suggest that intact Rep68 or Rep78 inhibit the growth of HeLa cell clones, as previous studies reported. The clones carrying mutant rep genes expressed four Rep proteins, including Rep68 and Rep78. Mutation of clone m340-13 is characterized by its loss of Rep functions [35, 36] . Mutation of clone m338-9 contained an amino acid substitution of Thr 338 to Glu in the Rep protein ATP-binding motif. This mutation is located in the same position as amino acid 332 of the NS1 protein, which is the nonstructural protein of parvovirus B19. This mutation disrupts the NTP-binding motif of the protein and dramatically suppresses its cytotoxic activity in K562 cells without influencing the transactivation of IL-6 [39] . We expected that this mutation in a homologous region of AAV Rep proteins would suppress their cytotoxic activity without affecting other important activities. The m338-9 clones exhibited neither cell death nor apoptosis (data not shown). Both mutant clones were unable to produce the AAV virus after infection with adenovirus and cotransfection of pNAV (kind gift from Shimada, Nippon Medical School).
In this study, we demonstrated the growth inhibition of HeLa cells as a result of Rep52 and Rep40 expression. Cell proliferation was suppressed and the results of MTT assays support their activity in retarding cell growth. Not only Rep68/78 but also Rep52/40 demonstrate this antiproliferative effect in HeLa cells.
Previous studies showed that Rep78 with GFP (green fluorescent protein) expressed with the CMV promoter induces apoptosis in both HL60 and NT2 cells [27] . This Rep-induced apoptosis is caspase-3 dependent. Moreover, it was shown that the toxicity of Rep52 was 23% lower than that of Rep78 in HL60 cells. Another study using a retroviral vector showed that Rep78 and Rep68 inhibit the growth of NIH3T3 cells, while Rep52 and Rep40 do not [26] .
We demonstrated here that the expression of Rep52 and Rep40 inhibits HeLa cell growth, which can be classified into two groups based upon differing growth speeds. The w-15 clone, which grew more slowly, arrested in the G2/M cell cycle phase as determined by flow cytometry.
We observed clone w-13 altering its proliferation rate over several weeks. We compared each Rep protein's expression level to the growth rates of the two groups by densitometric analysis of the Western blots. The expression of Rep52 was significantly higher than that of Rep40 in the w-15 clone. The protein expression levels were then quantified and the ratio of Rep40 to Rep52 was calculated. Figure 4 shows the relationship between cellular growth speed and the ratio of Rep52 to Rep40, which suggests that the cytotoxic activity or the intensity of growth inhibition is attributable to the ratio of Rep52 to Rep40. We therefore conclude that the ratio of Rep52 to Rep40 and not the expression level of each protein correlates with the intensity of growth inhibition.
The mechanisms of cytotoxicity and growth inhibition produced by Rep68/78 have been characterized in previous studies. Cells are arrested in a certain phase due to the activity of Rep78. This may lead to the activation of CDKIs (cyclin-dependent kinase inhibitors) and subsequently result in the inhibition of cyclin A, which controls the restriction point governing the transition from the G1 phase to the S phase via phosphorylation of the retinoblastoma protein. The retinoblastoma protein can also be activated by inhibition of CDKs (cyclin-dependent kinases) through the activation of CDKIs by Rep68/78. Another report demonstrated that cell cycle arrest of HL60 cells in the G1 phase leads to p53-independent apoptosis through caspase-3 activation [26, 27] . Despite the information gained about the effects of Rep68/78, little is known about the mechanism by which Rep52 and Rep40 inhibit cellular growth. Rep52, which has exhibited an antiproliferative effect on several cell lines, was identified as a DNA helicase possessing 3) to 5) polarity [15] . Rep52 and Rep40 have also been implicated in the accumulation of viral single-stranded genomic DNA and the subsequent production of infectious AAV virions. Chiorini et al. [40] demonstrated that Rep52 inhibits both the phosphorylation and autophosphorylation activity of a novel protein kinase (PrKX) known as a protein kinase A type kinase. They speculated that overexpression of Rep52 as well as Rep78 may affect cell growth by inhibiting protein kinase A and PrKX, which is also inhibited by the protein kinase inhibitor, which plays an important role in the induction of cellular mitosis.
In this study, we demonstrated that HeLa cell clones expressing Rep52 and Rep40 exhibit either growth inhibition or growth retardation. However, clones expressing Rep40 alone which lack the carboxyl terminus of Rep52 proliferated as fast as clones which did not express Rep. We also suggest that Rep40 possibly downregulates the HeLa cell growth inhibition elicited by Rep52. Although the exact mechanism of Rep-mediated growth inhibition is still unknown, we speculate that Rep40 regulates the inhibitory effect of Rep52 either by directly interacting with Rep52 or indirectly by regulating several proteins involved in the Li/Kashii/Sahara/Ito cyclin or PrKX pathways. Therefore, growth arrest by Rep52 at the G2/M transitional phase of the cell cycle is likely relieved by the dominant expression of Rep40. However, further investigation is required to fully understand the interaction between Rep40 and Rep52 in the cell cycle.
